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ABSTRACT

‘1’here is increasing emphasis on onboard  autonomy in the design of future s])accc.raft.  lmagc-based, closed-loop
tracking and pointing, developed as part of the Autononlous  Feature And Star ‘Jkac.king (AFAST) project at the
J ct l’repulsion laboratory (J }’1.),  has e] ncrgcd as one of the technology areas essential to realizing autonomous
spacecraft. III this paper, we preseni  an overview of our ongoing efforts to dcvclol) intc]ligcnt,  onboard  processing
technology that will make it possible to realize such spacecraft. A ]uission sccllario , a planetary small-body flyby,

is used to illustrate the autonomous trackirlg/pointing technology addressed in the research.

Kcyworcls:  autonomy, image processing, shape characterization, feature dctcctio~l, trackirlg

1 Introduction

NASA’s future space missions (both planned and as-yet unknown)  to cx])lorc l’lute, Mars, co]nets, and aster-
oids will emphasize smaller, low-cost spacecraft with onboard autonomy. Successful irnplemcnt,ation  of onboard
autonomy in spacecraft missions will not only minimize the rnission-operation costs, but  Wi]] also maximize the
science return. Furthcrlnore,  such autonomy will be imperative for future slnall-body  n]issions where the uncer-
tainty in target knowledge and the co]n]nunication  tirnc  delay might, render the traditional ground-based approach
impractical or inflective.

One of the kcy research areas in autonomous spacecraft technology is the dcvc]opment  of an autonomous
tracking and pointing systcm  in which the target relative infornlation  is collcctcd and proc.csscd on board and
is based on image data. ‘1’o  realize such an autonomous onboard systcm for space applications, the relevant
information on the target body must bc cxtractcd  from the visual cucs reliably and efficiently. SUCII  information
can t,hcn bc provided to the guidance, navigation, and control ((; NC) subsystc]n  to autonomously navigate and
control the spacecraft.

I)cspite  the richness of the fields of i]nage processing and cornprrtcr visiol], robust onboarcl  processing of
image data for space missions was never succcssfrrlly  deInonstratcd  because of spacecraft processing capability



and ]Ilcl]lory  li]]]itatio]ls. ]Iowcvcr, recent adva]lcm in computcI  vision algoriil]l]]s aIId I[licrotcch?lo]ogy  have
provided us with a unique o])port,ul)ity  LO a.I)ply t,hc vision technology b autolllating the proc.css  of obtaining
sc.im]c.c illlagcs  during  s])ace ex])loration  l[lissions.

J 1’1.’s Autono]nous  l’caturc  And Star ‘1’racking  (A FAST) projt’ct has hccu actively cllgagccl in clcvcloping  all
int,elligcnt  scnsiug  and proccssiug  tcclITIology that, is based on SI);ICC il[lagc data aIId will cnahlc  tlIe rcalizat,ion
of a]i intellige]lt,  aut,o]lo]]iousl  i~l)agc-based tracking and pointinp,  systcIII.

4 A ~;rcal,  deal of our cfrorl has b e e n

focused on dcvclo]~i]]g  aud testing IOW-ICVC1  vision algorithms for our applications l)y usitlg the vast vo]uTnc of raw
data frolll Voyager’s il]lagc ]ihrary. Our rtlajorcI1lI)llasisllas  bccTI  focused o]) at/io~)tatcdp70((:tssi7/q,  robustness,
and co7npviatio71al  cfliciency. 114 A plauctary flyby cxa.rnp]c  has l)ccn co~lstrucicd  to illusbatc tllc c o n c e p t  and
fcasihility  of our ])ro])oscd  closed-loo]) itt]agc-based tracking a.rltl pointing systclll. A c.oln])lcte  flyby ~llission
scc]lario  s})allllillg the distan-, near-, and c.lose-cllcountcr p]lases for a s])llcrical  tmdy was ~)rcscntcd ])rcvious]y;  l
the kcy technical clc)]]cnt,s  illcludcd acquisitioll/trackinp,  of sin,glc or ll]tll~i~)l(l){)(lics, lillll) detection, quadratic
curve cstilnatiml, and autollolnous  lnosaic.king.

A s  a result  oftllc i]icrcasiugi ntcrest in thecxploratiou  ofsmall cclcstial  IJodics that has bcc~l shown  bythc
s])ac.c cc)~tllllll~lity, aslcrc)icl aucl c.omct ~ilissic~]ls  arccllrrcllt,ly  l)cirlgactivcly~)lallll((l  uildcr several NASA programs
SUCII  as l)iscovcry  allcl Ncw Millennium. IIowcver,  the ground-has(,d  a ~)rioril)ositiollal  know] cclgcof srilallbodics
tends tol)cullc.crtain asarcsult oft,hcslnallta  rgctsizcan  rldistallc. cfro~ntl]c lirrtll. llri,hcrlr)orc, unlike a large
])lailctaryl  )ody,s]tlalll  )odicsa rctyl)icallyi rrcglllari  ~~slla])c. A})liori  cllaractcrizatiorlof  tllcir3- l)gcor]lctryw'  ill
l)cirl~])ractical,  ifrlotiI  [ll)ossil)lc,us  i~lggroulld-bascdtc  cllrlology. lfwcco~llpound  thcscfacts bycurrcnt  ccollo~[lic
co~lstraint,s,  tltc alltollo~llolls-s~ )act:crafl a~)])roac.h bccomcs the o]Ily fcasih]c solution for carrying out  srrlall-body
missions, and our j)ro])oscd closed-loop, image-based ])ointing and t,racking  tcchtio]ogy will hc essential to ensure
rr)ission success with II]axilt[al  scicllcc return.

Our focus for tllc past year has hccn on technology dcvclopmcllt  pertaining to s~nal]-body aIJplications,  aster-
oids in particular. As is evident from Galileo’scncoulltcrs with (;aspra aild Ida, asteroids cm best bc dcscribcd
as irrcgu]arly  slla]wd s]~irlning  boc]ics.  ‘] ’hcrcforc,  a 3-D c.]]aractmr izat,ion of t]lc lar,gct body rlurirlg l,]Ic a])])  roach
is crucial to the succcss of t,hc mission. IIowcvcr,  duc to the gco~ilct, ry of the SUII, spacccraf~, and target, body,
tcrlllirlakrrsarc  tyl)icallyv isil)lcf  romtllcs pac.ccraft,  view. Asarcsrrlt, cllaractcli zillgtllcsl la],coft}~ctargct will
require dcvclopi]lg robust, lnodcling  tcchliiqucs  for shape rccovcry  fro~ll shading ill .gcllcral.

l’or  IIlissions illvolvirlgflyl)y  of slow-spinning asteroids such +is Gaspra,  tllc c]lcou]l(cr  tir]lc is IIIUCII sllortcr
tha]l  tl)c sl)ill  ])criod of the target body. IT) t,llis sitaati(n] , a corlll)lctc  3-1) slla])c c.llaractcriz at,io~l of t,hc targctl
body is ])ot  ]}cc.cssary,  since tJIc ohscrvahlc  area of tllc target dots not vary very IIIUC1l  during cllcountcr.  It is
found that silnplc  rectangular IJollllding  is sufficient to characterim  the size of the target wl)cn the target’s angular
dialnct,cr  as olmmrvcd  fro]]]  tllc spacecraft is ICSS than tllc c.amcr:i’s  field-of-view (lWV).  As is demonstrated in
thisstudy,  tllc infor]natiollo]l  t,hc size and aspect ratio that isplovidml  by tllc rcc.tarlgular l)o~lrldillgcllat~lcs  us
to ])lall and carry out a~ltc>llor[lot]so r)cratiolls SUC]I as lllosaickillg. Whctl tllc elltirc  target ca]lnot.  bc observed
within  tllc IK)V,  rcctallgnlar L)oulldil)gis  no lollgcr applicable. In this  case, rol)ust  feature dctcctio]l  and l[laI)ping
arc c]l]l~loycd to u])dat,c the relevant in forlrlation  for lnosaickingarld  t,rackirlg o]~cratiolls  colltinuously.

III this l)a])cr,  wc I)rovidc  a st,atus u])datcf  orour  research efl’orts that goes iwyond our prcviousrc])ort.l AU
AI+'AS'l`-clrivcll ~)lallctaryf lyl~ysccllarioi  s~)rcscrltcd  ill Scc.tio~12,w }lcrctllcs Ll[)jc~cls( )fslla~)cc llaract(:rizatiol~,  and
feature  (lctcctioll,l lla])])irlg,a  lldtrackiIlga realso(liscusscd.  'llofarilitatct  llcillt,(gratcdtcst irlgofour  algoritllrlls,
all A1’AS’1’  3-1) visualization tcstbcd  I)ascd or] a]] SC;]  plal,forrn  was dcvclo])cd  ii]ld is dcscril)cd ill Scc,tion  3. lly
illcor])oratillg} ligll-rc:sol~lt ion s])acccraft  and cclcstial  body n)odels, along witl] accuratcc ])llc~ncrisd  atagcncrat,cd
by the J]’],  NA1l’ toolkit, this visualization l,cstbcci CaTI gcncrfite the realistic SCCIICS  nccdcd by i,}Ic AFAS’1’
trac.kingalld ])oirltillgsystcln  ill real tirnc.  ‘J’hisuniquc  c.apabilit}cn ablcsus t,ovcrify  as WC1l  as todc~no~lstratc
our l~ro]~oscd iinagc-hascd  tracking and ]Jointing tcchllo]ogy for sll)all-body a~)plicatimls irl a real-tiincsirnulation
environlncnt,.  Firlally,  some future work is described.



2 AN AFAST-DRIVEN PLANETARY FLYBY

our pro]mscd A1’AS’J’-bascd target acquisition, tracking, and pointing scqumtcc  for II ])lanctar-y  flyby Inission
sccllario  call bc c.ol]sidcrc,d ill terms of various cmcountm  IJ}Iascs. It corlsists  of tlIc followi]lg elcIIIcnLs:

l’rior  to acquiril)g  target bodies, the autollo~nous star idcutificatiorl  f(ll[ction will provide attitude infor-
Illatioll  C.olli,inuous]y. Using this  i?lformatioll  a~ld the ~]ropagated  irlcrtial  vector associated with the t,argct
body,  t,hc s])amcraft  will turn a~)cl attcltlr)t  to poirlt the ill]aging cal]lcra to the desired target. IIowcvcr,
duc to the unccrtaii~ty  ill the knowledge of the t,argct position, a searc)l area of aJ)J)ropriatc sixc around t,}lc
derived ])oilltil]g direction wiJl bc IIcccssary  to ensure successful ac.quisit, io]l of the targci,. At this  distallcc,
t,hc target call bc isolated by clustering tcc,}lniqucs,  and a sill lp]c cclltroid call lW used as a ]Jointing rcfmc~lcc
altd as a t,argct-rc]ativc  ]msitioll lncasurc~ucnt  for sllacccraf{ attitude control arid navigat,ioll. For a scenario
wllcrc ]nultil)lc  bodies ]nigbt  apIjcar  in the sa]ue carncra  field-of-view, c]ustcring  of clistinct targets and
ccntcr-of-)>~ass  tracking call bc carried out. ]

2. Nrmr lt]]countm:

l)uring this ]miod,  llIc object, size is estimated co]liinuously. l’or splwrir-al bodies, diffcrclltiatjio])  of lillll,
froltl terminator can bc done without a priori  SUII  position  know] cdgc,:’ and a closed-forlil solution for
the size (tl)c radius il) J)ixcls)  call bc obtaillcd  in the least squares sctlsc. ] ]’or irrcgu]arly  sllal)ccl b o d i e s
SUCJ) as asteroids, a 3-1) sllaJJc  charactcrizat, ion is generally required. IIowcvcr,  for slow-spinning asteroids,
rcc.tangular  bou]~ding  provides cxccllcnt  inforrnatiou  about tbc target size. ~ontiuuou.s  cstirllatiol)  of t,hc
target size call t]lcll bc used to plan and rcfillc the autonomous ]T”rosaic)iirlg  oJ)cratio]l .6 II I  tlhc mca]ltji]uc,  tlIc
fcal,urc-dclcctio]]  function wi]] bc i]lii,iatcd. A feature map on the tar~c(  sl!rfacc lnodc]  wi]] bc established
b a s e d  o]) !hc fcat,urc ])oints dctcctcd.  ‘J’hc fra]uc-to-frarnc  (“orrcsl)o]ldclicc  of rcgistcrcd  feature J)oi]lts can
bc used for tracking  as WC]]  as size cst,in)ation.

As t])c s])acccrafl  a])]) roachcs the target body, at sornc poi),t, Lhc cutirc  target body will ]Iot  bc captured
within the salllc  ii[iagc fralnc  and rcct,aagular  l)oulldil]g  will ])0 loll~cr l)c al)r)licablc for size cstilrlat,ion.  ]n
this c.asc, feature-l)ascd tracking Wi]] k the most critics] s})iicCCraft ful)ctioll for ljroviding  the iltfor]natio]l
ml tllc target body.

3. ~]oS(! ~llCOUJlt, (W:

]{’caturc dctcc(ioll,  ]tla])J)ing, a]]d (racking wi]] be the pri]nary  functions during  (his cncou]lt,cr ]~hasc. AlAS’J’
tech Jlology wi]] not oI]Jy cual)]c  tracking of pro]uincnt  fcatu rcs for ]Iig]l-rcso](ltio]l scic]lcc irllagcs, but  will
a]so J)rovidc  fra]]lc-tc-fra?t)c  corrcsl)o]ldc~]cc of rcgisterd  fcalurc  points for co]ltirluous uJ)da(irig  the targc(
size and for dc.tcrlliillil~g tl)c starting t,in]c of tbc auto] lolnous ]uosaickir)g  oJwration, l“urtllcr~norc,  t,}lc overall
lnosaic  sixc call I)c dct,crvllincd aut,o]lolnous]y  o]) l,}ic basis of the asJ~ccl ratio of the cstilllatcd  boundi]lg
rcctal]glc.

Figure 1 shows a till~c line corrcspondiltg  to tbc cuc.ounter  sc(jucncc  stated al~ovc where 7~,.Y and 7AM arc
t]rc starting l,itncs for feature tracking and autono]nous  ll~osaickirl~,;, rcs])cctivc]y.  SoJt]c of tbc Lcc]lnica] c]c]ncnts
have been discussed prcvious]y .’ In the rest of this  scctioll,  wc will I)rovide al) overview of sha~)c cl)aractcrizaticm;
feature dctcctior),  rnaJ)l)irlg, and tracking; and mosaic scqucncc J)]anning,
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2.1 SIIAJ)I’; CIIARACTER.1ZATION 01{’ IRRl:GUI,ARIA7  SHAPED BODIMS

‘J’lic large cclcslial  Lodics arc tyJJically  charackrizecl  as splleT icaJ objects. ‘1’tlcir shaJJc characterization and
size cstin]ation  arc quite  straightforward and arc based on tllc detected lilnl) .1 F’or s[na]l bodies  such as asteroids,
sJla])cs  call bc cllarac.tcrizcd  as irregular at, best, as is cvidcllt  frolll t,hc results of ~;roulld-based  radar observations
of near-1’} art,h asteroids such as Cast, alia2 ancl froln t]lc J uJ)itcr-borrnd  Galileo s])acccraft’s cllcourlter  wiih GasJ~ra
and Ida. lrl gmlcral,  cstal)lislri~lg  a COIIIJ)ICLC 3-1) rllodcl of an irregularly sllaIwd body 011 tllc basis of ir[lagcs  is
quite  difficult. IIowcvcr, sac]] shaJw  charac.tcrizai,ion will bc rcqllircd cvc]ltually  for ally CIOSC-U1)  operation in a
flyby or all orbiting lnissio~l.

I)uring  C.IOSC crlcourltcr in a flyby ]nissicm, a mosaickirlg  scqucncc is clcsigrlcxl to acquire higll-resolution i[nagcw.
‘lTo ac]licvc (]IC ltlaxiltla]  sc.icllcc r e t u rn ,  sach a scqucncc should I)c gcllcratcd  o]l lmard a n d  basecl 011 cst,i?natcs
o f  ihc sha])c arid size of t,hc target l)ody. I’Tor  s]ow-s])innillg  aslcroids  (Gas pI a, for cxa?tl])]c), comp]etc  s]lape
cha.rac.tcrizatioll  ~nay not, bc nc.ccssary for LIIC ])urposc  of nlosaickilg.  III such cases, a silt]])lc  rectangular boundi]lg
of t,hc aslxroid  has bcc]l found Lo bc quite cffcctivc  irl generating a ~[nosaic J)ointitlg  sequcllcc auto~lorrlous]y.  ‘J’hc
boulrding  rcc.tangle allows the sJ)acccraft to ~nonitor and predict  the sim of tl, c asteroid, which can bc used ill
dcterlllining  tl]c ap])rol)riatc  tilllc to star{ the n)osaicking opcratioll.  l+’urtllcr[norcj  the asJ)cct ratio of the rcctanglc
can hc uscxl to dcilcrriline tfhc IIlosaic  size.
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l)uring t,hc near-cncountcr ]Jhasc of an asicroid  flyby, the boundary  poi~lts  of the asteroid can hc extractmd  by
using standard scg]nclitation  or edge-detection tccllniqucs. ] Given a set of tllc I)oundary points, tl)c corrcsl)ondiug
sca.i,tcr matrix call bc generated. ‘J’hc bounding  rcctanglc  can tlIeII be gcncratcd  using the two eigclivcctors  of
the scatter IIlatrix  and tllc centroid  of tile boundary ~)oints.

l’igurc  2 shows an cxalnp]c  of bounding an irregularly shaped object with a rcc.tangle.

Figure 2 Rectangular hounding of asteroid lda

2.2 FEATURE DI’H’EC’TION AND ‘IRACKING

‘J’hc goal of the feature-detection function of our ~)~oposed  systc]n is to m+ tracl, suitable fcaturws  from t,}lc
scusor illla.gm while tllc slJacccraft  is a~)proaching  the target  body. ‘J’}Ic  alg;oritllir] sclcctcd ]nust  operate wit,llin
the tiluc and space constraints imposccl  by existing spac[-ccrtificcl hardware and IIot require oI~cx-ator interaction
(i,e.,  it ]I)ust bc fully autono~llous).  Sine.c the dctcctcd  features al c to be used as n)arkms  for ]Joil]tillg ])urposcsl
the algoritlllll  lwcds to detect thc]n  over the wide range of lighting, pcrspcxtivc, and sc.alc cllangcs whic]l a r c
typical of a ],lalictary  flyby.

lnslcad of llaviug  the algorithl]l  identify feature rcgiolls, our strategy is to have it identify actual  points in
tllc ilnagc  that arc relatively stlablc with respect to ])crspcctivc  a~ld scale chau,gcs.  ‘lb accomplish this, the ilnagc
is convolved with Gal)or  filters at cliffcreut rcsolutio~is  a~]d oriclltations. 3 ‘1’}Ie Imillts corrcsl)olldirlg to (})c l o c a l
]naxin]a  of tllc rcsultallt,  diffcrmlccd  il]lagc are considered to bc c[{ndidaie  feature ])oints from tllc origi[lal scusor
image. Additio~lal criteria arc employed to ensure that the majority of tile feature ])oillts used to co]nposc the
fcaturw  nla]) do corrm])olld to suit,ablc plauctary surface properties and arc 110(  si~lnl)ly  il]la.gc rloisc  or lighting
artifacts. Once constructed, t,hc feature ItIap provides sul)port  for I)ointinp,  cxtil)latiol) wltm alternative ~llctllods
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(e.g., lilnb determination) arc no longer cffcctivc. A feature  lnap  can tbc]l bc gclleratccl  frortl tbc dclcctcd  fcat,ure
point,

‘J’bc fcat,urc r]lap gcllcratcd  during a flyby is uscfu] itl two ways. It sllr)]mrts  ]~rcJ)lar~rlcd  pointing oJ)crations
by ])roviding focdbac.k  about, tbc sensor attitude, which is dcterrnillcd  by the corresljo~ldcncc  bctwccn tbc current,
ilna.gc slid tbc ])rcdiction. ltalsoallows l)oilltillgo ])cratiorlstolj[  Inorccolltent  drivc~i. ILc,gistcrcd ])oirlt,sscrvc
to dctcrminc  tile frall}c-to-fral[lc  corrcspo~ldcncc  durillg  t racking so t}lat tile scl]sor I’OV can bc centcrcd 011 a
specific fca(urc.

‘IihC }~oirlt-rila]~] )irlgo])cratio~l involvcsl  ocatingtbcfcaturc points found by tllc dctcctioll  algoritbrn  onto  an
assul]lcd lnodcl  of tllc target ol)jcct.  in our current iTlll~lc~]lcr-itatioll, the feature lnap  is gcncratcd  fro~n a single
inlagc.  ‘J’bc plan for II)osaic.king isconstrllc.tee] (i.e., a sequence ofl)oirliirlgc)])cratiolls  isrefcrcnc.cd to thcobjcct>s
cclltcr  of loass)  using tile inforlllatioll  froln tbc c.hangc in apparcllt  ol)jcct sim twcr tbc course of the cncountcr.
‘1’his plan is tl)cn corlvcrtcd to actual  surface areas 0]1 the mode] on (}IC  l)asis of the s])acccraft’s rstimatcd
trajectory and ibc a])])arcmt  object size (wbicb establishes rcsolulio]l).  Vicwal~lc  rcgio~ls arc tlIcn cxlractcd  froln
tbc irnagc, and the detection algoritllrll  locates tbc feature points in (hcsc areas. ‘J’l)c corrcsr)olldcncc bctwccn
i,bc storccl feature ])oints and tbc ]Jrcdic.tcd  ones (gcncratcd  acc.o] dingto  tllc ]nosaickillg])lal])  call tllml l)c used
tocslirnatc tbcdiflcrcllcc l)ctwccn tbc desired l)oirltirlg attit(ldc (Jftllc  ~]losaicki]lg] >larl arid tbc current attitude
so i,bat, corrcc.tio])s  can bc ]t)adc.

A silnilar tcch~liqac call also bc used to assist ill feature hacking.  in this case, tjllc feature J)oints  fro]n  a
previous irnagc arc ]rla])])cd  ontotbc currc~lt i~llagcspace  by usillgtbc cstil[latcd  size arid I)crs]mctivc  changcof
t,bcol)jcct. OIICC ibc corrcs])olldcncc basbccn]  obtained, arcfincd cstilllateoftlle cllangc in bot,lI ol)jcct  size and
pcrspcctivc  can l)ciuc.orporatcd  ir~tot}]c ucxlpointingo  l)cration  topcrlliit  lllorcaccuratc capturcof  tbcdcs ired
feature location.

Figure 3 shows arcprwscntativc  rmult of fcaturc-])oint  dctectioll. C~al)c)r  filters  ali(ll>attcr]l  IIl?!tcllillgt)ctwccll
twoconsccutivc frarncsof  ’l~iton irnagcsarcuscd.

l~ig~lrc 3'llito11  irtlages sllowirlg fc/itLlrc-I)oir~t dvtcction  and ~)aitcrn matching



2.3 AU’I’ONOMOUS PLANNING OF MOSAICKING

.

‘lb cmrry  ollt, all auto~lo][lous  ]nosaicking  operation a]ld feature Lracliil)g,  wc IIcccl to k~low tJIc apparc]]t  object
sim i)] cwcry fralnc.  in the case of a ]incar flyby of a slow-s] )innil)g asteroid, the rcclailga]ar  bounding technique
disc. usscd ill Scctio]l  2.1 provides a good cslilnaic of the target siw  whcmcvm  {IIC Clltirc tar,gct is within the sarnc
field-of-view allcl t,hc lc]lgth (or pcrimctcr)  of the rect,allglc  can I)c used as t,llc target size. Such an estimate is
relatively iTnl])ul]e to slnall  local variation of the boundary points  dctcctcd  fro]]) tlIc ilrlagc.

‘1’lic target’s  size as it a])])cars  in the i~tnage l]lanc earl bc pararrnctcrificd  as tllc inverse function of a sccolId-
ordcr  I)olynol]lial. IIy c.ollccting a series of measurements of the ol)jcct si~c, a ]cast-squares solutio~]  can bc found
for  this  funct ion.  As the s])ac.ccraft  apl)roachcs  the t,argct,,  sac]) al] cstiIIlatc  call bc i~]l])rovcd  collt,inuous]y  by
using ncw cstilnatcs of t,hc tar,gct size. AltlIough the bounding r(ctanglc  can lW calculated only w}Icn  the entire
object is witllia  tllc field of view, frall]c-to--fra~nc local feature ~natching call hc used to provide the ncw cstirnatc
of the target sire. ‘J’llcrcforc,  the prediction of the target size at ally givc~l  tilllc  ],rior to the lrlosaicking o])cration
can bc illll)rovcd continually.

Anotl)cr  ilnportallt,  clcIncJIi in the ])lanning of tllc IIlosaicki]lg  process is t,llc lnosaic  size. ‘J’hc rcctangu]ar
bounding  a])])roacll IIaturally  leacls us to design t}lc rectangular IIiosaickillg  scql]e]lc.c, and the aspect ratio of t,hc
bounding rcctanglc  call bc used as the ratio of the ]iorizontal  and vertical dirccliolls  of the ]Ilosaic  images. ‘Jo
capture high-resolution i~nagcsl one would like to IIavc a large JIlllnl>cr of ]t]osi~ic  ill)agcs. IIowcvcr, if the total
IIu]nl)er of lnosaic. in]agcs  is too large, con~plct,c covcra.ge of the elltirc  target ]nay ]Iot bc ])ossiblc.  ‘J’hcrcforc,  t,hc
%cst’) lnosaic  size can be determined by using the continuously im])roving size })rcdiction;  the %cst”  starting
tilnc for IIlosaic.killg can also bc cor[lputcd, 6 A rcprcsclltative  IIlosaic  scqucllcc carried out, by our approach is
shown in l~igurc 4.

]{’igurc 4 Colnpositc  target image resulting  from aul OIIOIIIOUS  ~)]ii.rl[ljllg  of lnosaicking
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3 AFAST 3-D VISUALIZATION TJMTBED  FOR SPACE FLIGHT

‘J’IIC  AII’AS’I’  ]Jrojcct at J]’], has clcvclopcd a 3-1) gra])l]ics  tcstl)cd to bc used ill tl)c dcvclo]J1llcllt of an iioagc-
bascd,  autollo~nous  s]jacccraft-])oilltlillg  systc]r] for future  planetary exploration. ‘1’his  gra])hics tcsthcd  IIas hccn
implemented ill W+ and SG1/Gl# and ruus  on Silicon Graphics Works taiiolls.

Ollc of our lnajor c.ollccrlls, WIICII  designing the systcln, was that it be as gc]leral  a])d flexible as ])ossible.
1’o ac.hicvc this geucrality,  t,hc tcstbcd  was designed tcI hc a stand-alone gra~)llics  caginc  that has no built-ill
kl)owlcdgc of our sl)ccifrc  application. WC usc SGI’S hardware-l cndcril)g ca]m}~ilitics  and provide ap~)ro~)riatc
“hooks” allowillg  the user to illtcgratc the application code with the graphics software through cornmoll UNIX
socket co~ll~l]llllic.a.tioll.

]]ccausc i,l)c need to .gcncrate highly realistic sccmcs and to allow the user to view ])lallctary  bodies  from
different vicw})oints  in real tin)c is ])ara]rlotrnt iu the dcvelopnlmt,  of our poinling  systcIII,  wc allow the user
to drive the graphics tcsthcd  through a.rl cxlcrnal  silnulation,  or hy ])rccolnJ~utcd data files. ‘1’hc user cau also
configur-c  the syslcrn at run tilnc. Spacecraft trajectory information,  a plarlctary  IJody cpllc~l]cris, star maps, and
i,cx~ure ilna~es  arc a]] chosen by the user at run time and are s~~ecificd  iu a co:lfigura~ion  fi~c that is l~arscd ~~Y
the graphics’’soft, ware. lu addition, t,hc user can load
planetary IIIodcls.  l’igurc 5 shows a functional block

co]nl)uter-aided design ((;A1)) files containing spacecraft or
diagrarrl for such a gra])llics  t’cstbcd.
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Figure 5 A}’’AS’l’  3-1) visualization testbed  for space-flight silnulation

‘ll~c look and feel of IJIC gra])hics presentation cau also bc reconfigured at ru]) lirnc. ‘lllIC user has lJlc option
of o])cl)iug,  LIp to sever] gral)llics  vicwports  and placing tlIosc vicwports  at arly ]ocatiori olI the computer ]no]litor.
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Various 3-1) views, suc]l  as “wingman view”, where the viewer flys  alongside tlIc spaccc.rafl,  “l)anoralnic view”,

where the viewer can sit, at a cl]oscn  point  in space ancl look at anoi,hcr  C.11OSC]I  j)oint, and ‘(canlcra  borcsighi,”,
where t,hc viewer ca~l look clown the borcsight,  of lhc s]mcecraft’s imaging  c.arllcr-a, arc srrI)]~ortcd.  in addition,
2-1) views that display Lhc spat.ccraft’s Lrajcctory ancl various statistical data arc also su])])ortcd.

‘I1l  IC flyby sccllario  discussed ill Section 2 has bcc]I ilnplcmentcd  and tcsled  s(lcccssfully  on this visualization)
tcstl)cd.  A video dclnol)strat,ioll  of the flyby scenario is being prcscntcd.

4 CONCLUSIONS AND FUTtJRE  WORK

]n t]lis ])a})cr, wc have showJI t}lc extension of our work to the acquisition, Lrackillg, and ~nosaicking  of
irrcgular]y  shaped bodies.

Our a.])] )roacll to the realization of MI intelligcntj  autonomous, image-1.wcd ])oillti]]g and tracking syst,crn
has been dcr]]onstratcd  successfully. ‘1’llc 3-1) space-fligllt visualization tcstbccl ],as also been irn})rovcd  greatly
and has cnab]cd a successful dclnonstration  of a planetary asteroid flyby to SIIOR our capahilitics  in autonomous
searching, detecting, tracking, and mosaicking  for a slow-  spinning, asteroid.

Wc arc currently dcvclopir)g  a robust, Kallnan  filter-based tracking rllcttlodolo,gy  which is a])plicab]c 1,0 any
cclcstial  body, including large p]ancts,  a.steroids, and c.omcts. Significant, cfrort is also under way to dcve]op
robust, cffic.icnt, feature-dct,cction algoritlln)s, ‘1’}IC tcc.]lllical issacs ill est,ablistiillg o]lboard 3-1) io})ographic.a]
mode] c.apal)ilit,y for a fast-s] )inning small body will also hc addrxsscd.

5 A C K N O W L E D G M E N T

‘J’llis  rcscarcll  was carried out by the Jet l’repulsion l,aborat(,ryj  Califor]lia  IIlstitutc  of ‘J’cchno]ogy, under  a
contrac(, with t,hc Natio~Ial Aeronautics and SJJacc Adn-rinistratio)l.
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